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EXECUTIVE  SUMMARY 


The  overall  objective  of  the  work  described  in  this  report  is  four-fold:  to  a)  develop  a 
standardized  and  experimentally  validated  approach  to  the  sampling  and  chemical  and 
physical  characterization  of  the  exhaust  products  of  scaled-down  rocket  launch  motors  fired 
under  experimentally  controlled  cunditioas  at  the  Army’s  Signature  Characterization 
Facility  (ASCF)  at  Redstone  Arsenal  in  Huntsville,  Alabama;  b)  determine  the 
composition  of  die  exhaust  products;  c)  assess  the  accuracy  of  a  selected  existing  computer 
model  for  predicting  the  composition  of  major  and  minor  chemical  species;  d)  reconrunend 
alterations  to  both  the  sampling  and  analysis  strategy  and  the  computer  model  in  order  to 
achieve  greater  congruence  between  chemical  measurements  and  computer  prediction. 

Analytical  validation  studies  were  conducted  in  small  chambers  at  the  Oak  Ridge  National 
Laboratory  (ORNL),  while  the  actual  firings  were  conducted  at  Redstone  Arsenal.  Real 
time  determination  of  selected  species  was  performed  by  a  variety  of  techniques,  including 
non-dispersive  Infrared  spectrometry,  chemiluminescence,  electrochemical  monitoring,  and 
optical  scattering.  Samples  for  analyses  of  trace  constituents  were  collected  from 
individual  firings  in  the  ASCF,  and  returned  to  ORNL  for  analysis,  usually  by  gas 
chromatography/mass  spectrometry.  Four  types  of  propellants  were  examined:  a  double 
base,  a  double  base  with  8%  potassium  perchlorate,  one  propellant  which  wa.s 
predominantly  ammonium  perchlorate,  and  a  minimum  signature  reduced  smoke 
propellant,  which  was  about  two-thirds  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine 
(HMX).  Small,  2x2  motors,  containing  25  -  75  g  of  propellant,  produced  significant 
quantities  of  carbon  monoxide  (CO)  and  particles  when  fired  into  the  20  m^  chamber.  CO 
levels  ranged  from  85  •  350  ppm.  This  is  equivalent  to  reaching  2500  -  7500  ppm  if  a  full 
scale  motor  was  fired  in  a  similarly  sized  enclosed  environment.  Particle  concentrations 
ranged  from  30  -  100  mg/m^.  All  of  the  airborne  particles  were  in  the  inhalable  range. 
For  two  of  the  propellants  ( the  double  base  and  the  minimum  signature),  airborne  lead 
was  greater  than  10  mg/m^.  No  ammonia  or  hydrogen  cyanide  was  detected  above  1  ppm. 
For  the  predominantly  perchlorate  formulation,  hydrogen  chloride  (HCl)  levels  were 
greater  than  100  ppm  In  the  ASCF  chamber.  Because  of  the  relatively  high  background 
levels  observed,  trace  organic  vapor  phase  constituents  were  difficult  to  accurately  quantify. 
While  a  wide  variety  of  trace  constituent-;  were  observed,  only  a  few  were  present  at  levels 
greater  than  a  few  ppbv.  Compounds  present  at  levels  greater  than  10  ^g/m^  included 
benzene,  methyl  crotonate,  toluene,  and  cyanobenzene.  A  number  of  PAHs  and  nitro- 
fluorene  were  obsetved  in  the  airborne  particulate  matter.  However,  the  levels  were  about 
a  factor  of  10  lower  than  that  in  outside  ambient  air  particulate  matter  at  a  military 
installation. 

Computer  modeling  was  performed  with  the  NASA-Lewis  CET-86  version.  This  approach 
obtains  estimates  of  equilibrium  concentrations  by  minimizing  free  energy.  Mole  factions 
of  major  and  minor  species  were  estimated  for  a  range  of  exit/throat  area  ratios,  The 
predicted  mole  fractions  for  CO  were  typically  20  -  35%,  except  for  the  predominantly 
inorganic  formulation.  The  model  correctly  predicted  only  minor  amounts  of  ammonia 


3 


and  essentially  no  hydrogen  cyanide.  Predicted  mole  fractions  did  not  vary  a  great  deal 
with  such  input  parameters  as  exit/throat  area  ratios  or  small  changes  in  the  heats  of 
formation  of  the  various  compositions.  The  accuracy  of  the  predicted  CO/CO2  ratios  was 
low  for  all  but  one  of  the  formulations.  In  general,  if  the  model  were  to  be  used  in  its 
present  state  for  health  risk  assessments,  it  would  be  likely  to  over-estimate  exposure  to 
CO. 

Probably  the  greatest  limitation  of  the  model  is  its  inability  to  account  for  reactions  after 
hot  exhaust  gases  leave  the  rocket  motor  nozzle.  For  example,  the  model  predicted  no 
significant  quantities  of  NO  would  be  produced,  yet  such  was  measured  at  ppm  levels  on 
every  burn.  A  modification  of  the  model  accomplished  by  mathematically  accounting  for 
mixing  of  hot  exhaust  gases  with  ambient  air  brought  the  predicted  CO/CO2  ratio  into 
greater  agreement  with  that  which  was  observed  experimentally.  It  seems  likely  that  with 
the  appropriate  modifications  to  account  for  the  roles  of  kinetically  governed  processes 
and  the  afterburning  of  exhaust  gases,  the  model  could  make  a  more  accurate  prediction 
of  the  amounts  of  the  major  products.  However,  it  seems  unlikely  for  the  system  to  be 
modifiable  to  the  extent  to  which  accurate  predictions  of  toxic  or  carcinogenic  species 
present  at  the  ppbv  level  could  be  made. 
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I.  OBJECTIVES 


The  overall  objective  of  the  work  described  in  this  report  is  four-fold:  to  a)  develop  a 
standardized  and  experimentally  validated  approach  to  the  sampling  and  chemical  and 
physical  characterization  of  the  exhaust  products  of  scaled-down  rocket  launch  motors  fired 
under  experimentally  controlled  conditions  at  the  Army's  Signature  Characterization 
Facility  (ASCP)  at  Redstone  Arsenal  in  Huntsville,  Alabama;  b)  determine  the 
composition  of  the  exhaust  products;  c)  assess  the  accuracy  of  a  selected  existing  computer 
model  for  predicting  the  composition  of  rntyor  and  minor  chemical  species;  d)  recommend 
alterations  to  both  the  sampling  and  analysis  strategy  and  the  computer  model  in  order  to 
achieve  greater  congruence  between  chemical  measurements  and  computer  prediction. 


II.  BACKGROUND 

Upon  initiation  of  the  Army's  Health  Hazard  Assessment  Program  in  1983,  the  lack  of 
information  on  the  potential  health  hazards  ffom  weapons  combustion  products,  to  include 
rockets  and  missiles,  became  evident,  Research  to  elucidate  significant  health  effects  of 
rocket  and  missile  combustion  products  has  been  limited.  Experiences  with  weapons 
systems  such  as  ROLAND,  VIPER,  HELLFIRE,  STINGER,  and  MLRS  have  resulted  in 
the  development  of  specific  medical  issues  by  the  U.S,  Army,  Presumably,  these  issues  will 
be  addressed,  in  order  to  enhance  the  effectiveness  of  soldiers  using  such  weapons. 
Requisite  to  addressing  these  Issues  is  defining  the  chemical  and  physical  nature  of  the 
combustion  products. 

Evaluation  of  rocket  exhaust  toxicity  from  Army  missile  and  rocket  systems  ha.s  been 
directed  towards  a  limited  number  of  combustion  products.  Chemical  species  such  as 
carbon  monoxide,  carbon  dioxide,  nitrogen,  oxides  of  nitrogen,  hydrogen  chloride,  sulfUr 
dioxide,  ammonia,  lead,  and  copper  are  among  those  frequently  evaluated.  A  USAMRDC 
study^  has  demonstrated  more  than  one  hundred  chemical  species  In  the  combustion 
products  of  selected  propellants.  Many  of  the  species  represent  potential  health  hazards 
even  though  the  majority  of  those  identlfled  were  at  low  levels.  During  the  study,  data 
were  obtained  for  the  Multiple  Launch  Rocket  System's  (MLRS)  propellant  by  computer 
prediction  and  laboratory  analyses.  The  combustion  product  was  generated  by  burning  the 
propellant  in  a  small  test  motor.  When  the  exhaust  plume  was  vented  into  a  chamber  with 
an  inert  atmosphere,  good  quantitative  data  was  obtained  for  twelve  chemical  species,  and 
was  in  excellent  agreement  with  theoretically  computed  values.  In  excess  of  fifty  trace  gas 
species  also  were  qualitatively  identified. 

Various  investigators  have  examined  propellant  and  related  combustion  products  generated 
in  a  variety  of  ways  to  include  directly  from  a  weapon  or  other  equipment  system'"*, 
burning  in  a  calorimeter  or  bomb^’,  personal  and  general  area  sampling  in  Indoor  firing 
ranges™'",  and  detonation  or  combustion  in  chambers  or  microcombustors^’''^"'^.  The 
methods  of  sampling  and  characterization  also  have  been  varied.  Sampling  has  been  done 
under  atmospheric' ’''^'*’'^’'®,und  less  than  atmospheric'"*'®’^’'*"'*  conditions  which  provide 
a  basis  for  comparing  the  relation  between  variables,  such  as,  pressure  and  available 
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oxygen,  on  the  composition  of  the  combustion  product.  Sampling  methods  have  been 
either  direct  and  continuous,  e.g.,the  method  used  by  Goshgarlan^^*^^  where  the  exhaust 
products  of  solid  propellants  were  Introduced  directly  into  a  mass  spectrometer  for  analysis 
immediately  following  combustion,  or  by  collection  in  a  container  or  on  a  medium  for 
subsequent  analysis.  The  latter  has  involved  cryogenic  trapping,  evacuated  glass  or 
stainless  steel  cylinders,  and  sorbent  cartridges,  filters,  and  condensation  trains,  Analytical 
methods  to  detect  organics,  gases,  metals,  and  particulates  have  Included  gas 
chromatography  (QC),  gas  chromatography-mass  spectroscopy  (GC-MS),  titration,  optical 
and  infrared  spectroscopy,  scanning  electron  microscopy  (SEM),  x-ray  emission  and 
diffraction,  and  particle  size  analysis.  Because  of  limitations  with  each  sampling  and 
analytical  technique,  several  techniques  must  bo  employed  simultaneously  to  optimize 
qualitative  and  quantitative  characterization, 

Computer  models  have  been  used  to  predict  propellant  ballistic  properties  to  Include  the 
Identity  of  the  mi^jor  chemical  species  contain^  in  the  combustion  products*'^’^'*'^'*^. 
When  compared  with  laboratory  derived  empirical  data,  the  models  tend  better  to  predict 
the  m^or  species  than  the  minor  ones  both  qualitatively  and  quantitatively^’^'*^,  The 
models  predict  the  chemical  species  that  occur  at  the  nozzle  of  the  rocket  as  the  exhaust 
exits;  however,  afterburning  changes  the  chemical  content  of  the  combustion  product. 
Afterburning  and  incomplete  combustion  elfects  are  not  predicted  by  the  models. 

The  approach  taken  in  this  study  was  to  carefully  validate  real  time  analytical  methods  in 
chamber  studies  at  Oak  Ridge  National  Laboratory  (ORNL)  for  as  many  of  the  major 
constituents  as  practical.  The  instrumentation  for  real  time  monitoring  would  then  be 
transported  to  the  ASCF  for  the  firing  of  the  scaled-down  test  motors.  Vapor  and  particle 
phase  samples  for  determination  of  trace  organics  and  metal  species  would  be  returned 
for  analysis.  Ihe  Army  Signature  Characterization  Facility  (ASCF)  has  been  used  to 
determine  the  concentrations  of  mt^or  toxic  species  in  propellant  exhaust,  e.g.,  carbon 
monoxide,  carbon  dioxide,  hydrogen  chloride,  lead,  aluminum  oxide,  and  other  nuisance 
particles™.  The  facility  is  a  19.6  m^  walk-in,  climatic  chamber  with  temperature  limits  of - 
40*  to  140*F  and  humidity  control  in  the  range  of  20  to  100%  relative  humidity  (RH). 
Typical  operating  parameters  are  TO^F  and  60%  RH.  Designed  as  asmoke  measurement 
facility,  the  ASCF  has  been  adapted  for  the  measurement  of  rocket  motor  signature  and 
exhaust  constituents.  The  facility  serves  as  a  large  gas  coll  in  which  the  exhausts  of 
standard  2x2  motors  can  be  measured  by  infraied  spectroscopy  (Fourier  Transform 
Infrared  Spectroscopy,  FTIS).  Ports  in  the  ASCF  allow  sampling  and  measurement  by 
other  methods,  e.g,, air  sampling  pumps  and  direct  reading  Instruments, 

The  results  of  the  characterization  studies  were  then  to  be  compared  with  values  predicted 
using  the  most  recent  version  of  a  computer  model  developed  by  the  Lewis  Research 
Center  of  the  National  Aeronautics  and  Space  Administration  (NASA-Lewis).  The  model 
was  then  to  be  refined  to  the  extent  of  available  resources,  in  order  to  improve  the 
predictive  capability  of  the  system. 

Results  of  these  studies  are  described  in  two  parts.  In  Part  1,  results  of  the  chemical  and 
physical  characterization  studies  are  describ(^  and  discussed.  In  Part  2,  results  of  the 
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computer  modeling  work  are  described.  Comparisons  with  characterization  data  are 
performed,  and  recommendations  for  model  improvement  are  made. 

PART  1;  CHEMICAL  CHARACTERIZATIONSTUDIES 
EXPERIMENTAL 

The  sampling  and  analysis  methods  used  in  this  study  have  been  described  in  detail  in  a 
previous  report^^  and  are  summarized  in  Table  1.  An  assortment  of  real-time  analytical 
instrumentation  was  employed.  However,  resources  were  not  available  for  the  use  of  on¬ 
line  mass  spectrometrlc  measurement,  as  such  would  have  required  periodic  transport  to 
the  ASCP.  Essentially,  the  approach  taken  was  to  first  v^idate  candidate  analytical 
methods  in  small  chambers  (0,4  and  1,4  m^)  at  ORNL.  Analytical  measurements  using 
real  time  instrumentation  were  made  of  target  species  in  the  presence  of  well  defined 
quantities  of  other  species.  The  extent  to  which  these  materials  altered  the  response  to 
the  target  species  was  noted,  and  corrections  made  when  appropriate.  For  species  which 
could  not  be  determined  in  real  time  (usually  trace  organic  vapor  phase  and  particle  phase 
species),  samples  would  be  taken  at  the  actual  burns  to  be  conducted  at  the  ASCF,  and 
returned  to  ORNL  for  detailed  chemical  analysis.  Following  method  validation  for  the 
propellant  composition  of  interest,  the  sampling  and  analysis  instrumentation  was 
transported  to  the  ASCF  at  Redstone  Arsenal,  and  deployed  for  monitoring  and  sampling. 
Typically,  between  2  and  3  firings  of  a  test  motor  could  be  conducted  during  each  8-hour 
shift.  Burns  of  the  various  propellant  formulations  took  place  between  August,  1987  and 
December,  1989. 


RESULTS  AND  DISCUSSION 

The  compositions  of  the  various  propellant  formulations  tested  In  this  project  are  listed 
in  Appendix  A.  Briefly,  Composition  D  was  a  double-base  propellant,  comprised  of 
approximately  50?i  nitrocellulose  and  about  40%  nitroglycerine.  Composition  H  was  also 
a  double  base  system,  with  approximately  8%  by  weight  of  potassium  perchlorate  added. 
Composition  L  was  a  formulation  comprised  of  nearly  75%  ammonium  perchlorate,  with 
the  remainder  being  polyvinylchloride  plastic  and  di  (2-ethylhexyl)  adipate.  Composition 
Q  was  a  minimum  signature  propellant,  comprised  of  66%  HMX,  and  about  11%  each  of 
nitroglycerine  and  butane  trlol  trinitrate.  (A  fifth  motor,  referred  to  as  Composition  X 
was  fired  only  one  time,  and  no  modeling  studies  were  applied  to  it.)  (Note  that  tlie 
linkage  between  the  propellant  and  the  weapon  sy.stems  for  which  they  may  be  used  Is 
considered  CLASSIFIED  Information.  Those  having  need  of  this  information  should 
contact  the  COR  listed  on  the  title  page  of  this  document.)  All  of  the  propellants 
contained  small  amounts  of  metals.  The  motor  size  tested  varied  between  ca.  24  -  75  g. 
This  compares  to  a  typical  launch  motor  weight  on  an  anti-tank  weapon  system  of  ca.  560 
8' 

Sampling  of  the  exhausts  was  not  without  its  difficulties.  For  example,  for  the  first  run  of 
Composition  D,  the  high  volume  particulate  collector  was  placed  inside  the  ASCF 
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chamber.  However,  the  shock  wave  from  the  firing  was  sufficient  to  blow  the  filter  media 
out  of  the  holder.  Thus,  for  subsequent  runs,  the  sampler  was  placed  outside  the  chamber 
and 
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TABLE  1 

Summary  of  Sampling  and  Analysis  Strategy 
for  Rocket  Exhaust  Ginstitucnts  at  ASCF 


Component 


Sampling  and  Analysis  Methtxl 


Carbon  Monoxide 

Carbon  Dioxide 

Oxides  of  Nitrogen 

Hydrogen  Cyanide 

Ammonia 

Hydrogen  Chloride 

Total  Suspended  Particulate  Matter 

photometer 


Metals 


Particle  Size  Distribution 


Trace  Vapor  Phase  Organiot 


Trace  Particle  Phase  Organics 


Real  Time,  non-dispersive  infrared  analyzer 
Real  time,  non'dispersive  infrared  analyzer 
Real  time,  chemiluminescence  analyzer 
Real  time,  electrochemical  analyzer 
Real  time,  electrochemical  analyzer 
Real  time,  ion  selective  electrode 
Real  Time:  forward  scattering  infrared 

Off  line:  two-stage  high  volume  filler, 
gravimetric  analysis 

Low  volume  collection  on  membrane  filter, 
followed  by  inductively  coupled  plasma  or 
atomic  absorption  analysis. 

Cascade  impaction,  optical  comparison  of 
stages 

Collection  on  multi-sorbent  traps,  followed 
by  thermal  desorption  gas 
chromatography/mnss  spectromctric  analysis. 

Collection  on  two-stage,  high  volume  filler, 
analysis  by  .ugh  performance  liquid 
chromatography  and/or  gas 
chromatography/mass  spectrometry. 
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connected  to  It  with  the  flexible  plastic  pipe.  Also,  on  a  latter  run  with  ''D,''the  force  of 
the  shock  wave  buckled  the  main  chamber  access  door  on  the  ASCF.  For  the  final  firing 
of  "D,"the  nozzle  was  changed  to  force  the  propellant  to  burn  over  a  longer  period  of 
time.  This  resulted  in  a  considerable  alteration  in  the  exhaust  composition  (see  Table  2). 

Major  Constituents 

The  observed  exhaust  major  constituent  concentrations  in  the  ASCF  are  reported  in  Tables 
2  -  S,  along  with  various  physical  characteristics  of  the  motors.  The  data  is  summarized 
in  Table  6. 

It  is  important  to  note  that  for  those  constituents  determined  in  real  time  (ie,  the  gases), 
the  concentrations  listed  represent  peak  concentrations.  For  gases,  maxima  were  typically 
achieved  within  30  seconds  of  the  firing  of  the  rocket  motors.  Presumably,  maxima  were 
achieved  as  the  chamber  contents  were  mixed  by  the  fan  mounted  inside  the  chamber. 
Such  was  not  always  the  case  for  the  particulate  phase  .species.  For  example,  in  Figures 
1  and  2  are  compared  the  time  courses  for  some  of  the  major  exhaust  products  for  firings 
of  Composition  D  and  H  motors,  firom  about  30  .seconds  following  the  firing  onward.  For 
Composition  D,  immediately  after  following  the  achievement  of  maximum  concentrations, 
the  constituent  levels  slowly  decreased.  While  the  same  happened  for  Composition  H 
vapor  phase  species,  the  particles  were  very  slow  to  reach  a  maximum.  Although  particle 


Figure  1.  Time  course  of  exhaust  products  post  firing.  Compositior  D. 
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Figure  2,  Time  course  of  exhaust  products  post  firing,  Composition  H. 

size  differences  between  the  two  products  were  minimal  (see  below),  it  was  speculated  that 
the  action  of  the  fans  couid  have  stirred  up  larger  agglomerates  which  settled  Immediately 
after  firing,  which  eventuaily  broke  up  to  form  smaller  primary  particles.  Cor  centration 
reductions  seemed  most  likely  due  to  leaking  of  the  chamber  contents  through  door  seuis, 
bulkheads,  etc.  Particle  concentrations  decreased  somewhat  more  rapidly  than  those  of 
vapor  phase  constituents,  probably  due  to  settling. 

No  attempt  was  made  to  determine  the  concentrations  of  methane,  hydrogen  gas,  or  water 
vapor.  For  the  former  two  species,  quantitative  measurements  would  be  very  difficult 
without  the  use  of  an  on-line  mass  spectrometer,  and  such  was  not  available  lor  this  work, 
Water  vapor  is  one  of  the  major  components  of  the  motor  exhaast.  The  mole  fraction 
predicted  by  the  NASA-Lewls  computer  program  typically  is  in  the  range  of  20%  (see 
below).  However,  the  difficulty  of  making  accurate  determinations  of  water  vapor 
concentration  in  a  large  chamber  is  considerable.  For  example,  the  maximum  amount  of 
hydrogen  in  any  of  the  formulations  listed  in  Tables  A-1  -  A-4  is  sufficient  to  produce  only 
15  g  of  HjO  in  the  20  m^  ASCF  chamber.  Tills  is  comparable  to  increasing  the 
concentration  by  at  most  O.^^Sg/m^,  to  a  concentration  of  ca.  11  g/m^  at  60%  relative 
humidity  at  21°  C.  The  addition  of  this  amount  of  water  vapor  would  increase  the  RH 
by  4%,  as  long  as  no  change  in  the  temperature  occurred.  Giv  'Hut  such  small  changes 
would  be  difficult  to  measure  accurately,  and  that  water  vapor  rt,,  s  no  health  hazard. 


TABLE  2 


SUMMARY  OF  CHARACTERIZATION  DATA 
COMPOSITION  0 
MAJOR  CONSTITUENTS 


RUN  NUMBER 

1 

2 

3 

4 

8 

o" 

DATE 

S-2SS7 

B'2M7 

B-2S47 

B>2e.87 

8.2348 

8.2.')-88 

QUANTITY  OF  PROPELLANT,  g 

78 

71 

78 

78 

87 

NR 

1.0 

1.0 

1.0 

1.0 

1.0 

1,0 

THROAT  DIAMETER,  Inohaa 

0.8S 

0.707 

O.SO 

0.80 

0.50 

EEHi 

A8CF  CHAMBER  TEMPERATURE,  'F 

71 

78 

71 

71 

88 

71 

A8CF  RELATIVE  HUMIDITY,  % 

78 

SO 

80 

80 

as 

87 

INTERNAL  PRESSURE  OF  MOTOR,  psia 

2200 

2800 

3000 

2800 

2500 

2600 

CARBON  MONOXIDS^  ppm 

202 

387 

340 

328 

282 

139 

CARBON  DIOXIOE‘’'°,  ppm 

2200 

2800 

3000 

2800 

1245 

1508 

NITRIC  OXIDE*',  ppm 

4.2 

3.0 

3.8 

3.8 

2.2 

43.0 

NITROGEN  DIOXIDE^  ppm 

NO 

ND 

ND 

ND 

ND 

ND 

HYOROCEN  cyanide",  ppm 

ND 

ND 

ND 

ND 

ND 

ND 

AMMONIA  ppm 

ND 

B9B 

ND 

ND 

ND 

ND 

71 

S3 

71 

70 

87 

NR 

LEAD  mg/m* 

18 

38 

73 

40 

38.S 

41.8 

tgm 

3.e 

8  1 

4.4 

BPHIH' 

4.8 

ND 

ND 

ND 

ND 

— 

ND 

ND 

CHROMIUM  mg/m® 

ND 

ND 

ND 

ND 

ND 

ND 

ZIRCONIUM  OXIDE  mg/m’ 

ND 

NO 

ND 

ND 

ND 

ND 

*  Nominal  •xh  dlwTMlcrww  1.0  InohM.  Howtvcr,  this  wm  an  MtImat*  only.  Actual  dlamatara  oould  hava  varlod  b«tw«en  0.7S  and 
1.2S  Inohaa. 

“  Maximum  obaervad  ooncantritiont. 

*  Dalemilnad  In  Runa  14  using  Drsagar  Tubas,  Runs  S  and  6  using  NOIR  anaJyTar, 

Spaclal  noala  usad  which  Inotaasad  bum  tima.  Saa  isxL  Data  may  not  ba  raptaaanlabva. 

NR;  NotRacordad 
NO:  NolDalaotad 
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TABLE  3 


SUMMARY  OF  CHAFIACTERIZATION  DATA 
COMPOSITION  H 
MAJOR  CONSTITUENTS 


RUN  NUMBER 

1 

Q 

3 

4 

DATE 

6.22-88 

6  221)6 

6  22-86 

6,23-88 

QUANTITY  OF  PROPELUNT,  g 

25 

25 

24 

24 

EXIT  DIAMETER,  Inehat  * 

1 

1 

1 

1 

THROAT  DIAMETER,  Inahas 

0.261 

0.261 

0.261 

0.261 

ASCF  CHAMBER  TEMPERATURE,  'F 

70 

70 

70 

72 

A8CF  RELATIVE  HUMIDITY,  % 

NR 

66 

57 

63 

INTERNAL  PRESSURE  OF  MOTOR,  pila 

5000 

5000 

5000 

5000 

CARBON  MONOXIDE^  ppm 

290 

C 

300 

288 

CARBON  DIOXIDE*’,  ppm 

250 

e 

270 

280 

NITRIC  OXIDE**,  ppm 

4,5 

0 

1,7 

5.0 

NITROGEN  DIOXIDE^  ppm 

ND 

0 

ND 

ND 

HYDROGEN  CYANIDE**,  ppm 

ND 

0 

ND 

ND 

HYDROGEN  CHLORIDE,  ppm 

<1 

<1 

1 

AMMONIA**,  ppm 

ND 

0 

ND 

ND 

wfEHiraiiia 

67 

0 

73 

176 

LEAD  mg/m* 

0,771 

0 

0.616 

0.466 

COPPER  mg/m* 

0.728 

0 

0.BD7 

0.500 

NO 

0 

ND 

ND 

CHROMIUM  mg/m* 

ND 

0 

ND 

ND 

ZIRCONIUM  OXIDE  mg/m* 

ND 

0 

ND 

ND 

MOLYBDENUM,  mg/m® 

1.41 

c 

0.308 

0.066 

0.281 

0 

0.224 

0.250 

TIN,  ing/m* 

0.348 

0 

0.387 

0,177 

*  Nominal  axil  diamalsr  woi  \  .C  inchM.  Howaver,  thit  wu  an  ettlmala  only.  Actual  diamatare  could  have  varied  betwoen  0.75 

and  1.25  Inchea. 

^  Maximum  obaarvad  ooncontrallonH. 

'  Sampla  Acquisition  lallura. 

NR:  Not  Recorded 

NO:  Not  Deteotad 
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Tabtad 

• 

SUMMARY  OF  CHARACTERtZATION  DATA 

COMPOSmONL 

MAJOR  CONSTtniENTS 

RUN  NUMBER 


Data 

Quantity  of  Propallant,  g 

24 

Exit  Diamatar,  Inohaa  * 

1,0 

Throat  Diamatar,  Inohaa 

0,20 

A8CF  Oiiambar  Tamparatura,  'P 

W 

A80F  Ralativa  Humidity,  % 

NR 

Intamal  Praiaura  of  Motor,  pala 

2500 

Carbon  Monoxida*,  ppm 

208 

Carbon  Dioxlda^  ppm 

104 

NItrlfl  Oxlda^  ppm 

1,5 

NItrogan  Dioxlda**,  ppm 

ND 

Hydrogan  Cyanida*,  ppm 

ND 

Ammonia*,  ppm 

ND 

Hydrogan  Chlorlda,  ppm 

112 

Total  Sutpandad  ParUoulata  Mittar, 
mg/m* 

50 

Copp«r  mg/m* 


Aluminum  (u  AUOj)  tng/m 


Chromium  mg/m* 


Cadmium,  mg/m* 


Nominal  axH  diamatar  waa  1.0  ItKhaa.  Howavar,  thia  waa  an  aatimita  only.  Autuai  diamalara  could  have  varlsd 
baiwaan  0.7S  and  1.28  Inchaa. 

Maximum  obaarvad  concantrationi. 

Not  Racordad 
Not  Dataotad 
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T«bl«5 


SUMKAARY  OF  CHARACTCRtZATION  DATA 
COMPOSmONQ 
MAJOR  CONSmiENTS 


RUN  NUMBER 

1 

2 

3 

Data 

1M-08 

12-S-09 

12.5.eB 

Quantity  of  Propallant,  g 

00 

64 

60 

ExH  DIamatar,  Inohta  * 

1.125 

1.125 

1.125 

Throat  DIamatar,  Inohaa 

0,160 

0.1  BO 

0.187 

ASCF  Chambar  Tamparatura.  'F 

06 

63 

04 

ASCF  Ralativa  Humidity, 

34 

40 

40 

Intarnal  Praiiura  of  Motor,  ptia 

1060 

1400 

1100 

Oarbon  Monoxlda**,  ppm 

04 

04 

03 

Curbon  Dloxlda^  ppm 

1300 

1324 

1184 

NItrlo  Oxlda^  ppm 

2 

1 

1 

Nitrogan  Oloxlda*’,  ppm 

ND 

ND 

ND 

Hydrogen  Cyanlda^  ppm 

ND 

ND 

ND 

Ammonla^  ppm 

ND 

ND 

ND 

Total  Suipandad  Partloulata  Mattar, 

31 

28 

mg/m* 

10.0 

1,6 

14.1 

I  Coppar  mg/m* 

0.002 

0,00 

0,01 

ND 

ND 

ND 

■iliiillKHHHHHi 

0,0 

0.02 

0,02 

<0,1 

<0,1 

0.06 

Iron,  mg/m* 

0.33 

0.06 

0.06 

'  NomlnalfxltdlimcUrwMl.OlnohM.  Howavar,  thli  w«t  an  •dlmata  only.  Actual  diameteri  oould 
hava  varltd  batwatn  0.70  and  1 .20  InoHat. 

Maximum  obiarvad  eonoantratlona. 

NR:  Not  Raoordad 

ND:  Not  Dataotad 
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Conitituint 


TABLE  6 

MEAN  CONCENTRATIONS  ACHIEVED  IN  ASCF  CHAMBER 


Propall  Wit  FormilatfpraJapproxlMta  Motor  aUa) 


D  (75  g) 

H  <25  g) 

L  (22  g) 

Q  (43  g) 

R  (25  g) 

330 

295 

344 

85 

195 

1375 

270 

154 

1250 

561 

BMDL 

BHDL 

BMDL 

BMDL 

BHDL 

BMDL 

BMDL 

3.5 

BMDL 

BMDL 

ISNRSRIlimi 

BMDL 

BMDL 

O.S 

0.01 

1.3 

BMDL 

BMDL 

0.13 

BMDL 

BMDL 

BHDL 

0.3 

BMDL 

BMDL 

BMDL 

*  BMDL:  Below  method  detection  limit. 
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it  wa2  decided  that  determination  of  water  vapor  would  be  omitted  from  the 
measurements. 

A  determination  of  the  carbon  balance  for  the  chamber  indicates  that  the  analytical 
measurements  account  for  approximately  60%  of  the  carbon  in  the  formulation.  For 
example,  using  the  data  in  Table  A-1  for  Composition  D,  there  are  ca.  2.06  moles  of 
carbon  in  the  motor.  Data  from  Run  S  of  the  "D"test  indicates  ca.  1.2  moles  of  C  tied  up 
as  the  oxides  of  carbon  (CO  and  CO2).  The  analysis  of  the  vapor  and  particle  phase 
organic  constituents  (see  below)  indicates  that  only  a  very  tiny  amount  of  C  is  tied  up  in 
the  trace  species.  And  even  if  all  the  non-metal  material  collected  as  particulates  was  pure 
carbon,  such  would  only  add  ca.  26  mg/m^  of  carbon,  or  about  0.043  moles,  Thus,  it  would 
appear  that  a  significant  fraction  of  the  carbon  present  in  the  motor  itself  (ca.  33%)  is 
present  in  some  form  which  is  not  amenable  to  conventional  analyses.  Without 
confirmatory  data,  the  composition  of  such  material  would  be  highly  speculative, 

All  of  the  formulations,  despite  the  relatively  small  quantities  of  propellant  fired  in  the 
chamber  (ca.  1/7  to  1/20  of  a  typical  size  launch  motor)  produced  substantial 
concentrations  of  carbon  monoxide,  ranging  h:om  a  low  of  about  300  ppm/100  g  of 
propellant  for  Composition  Q,  to  a  high  of  nearly  1400  ppm/100  g  for  Composition  L. 
The  amounts  of  carbon  dioxide  produced  varied  considerably,  from  more  than  a  factor  of 
10  greater  than  the  CO  produced,  to  only  about  half  the  amount  of  CO  produced.  Only 
very  small  quantities  of  nitric  oxide  were  produced,  and  no  measurable  amounts  of 
nitrogen  dioxide  were  produced.  The  latter  is  not  surprising,  since  the  production  of  NO2 
is  dependent  on  the  square  of  the  NO  concentration^^.  If  the  concentration  of  NO  is  low, 
significant  amounts  of  the  dioxide  will  not  be  produced  in  the  first  10  minutes  following 
the  firing  of  the  motor  (the  duration  of  time  for  which  the  ASCF  was  sampled  for  the 
oxides  of  nitrogen),  Essentially,  no  ammonia  or  hydrogen  cyanide  was  found  at  levels 
greater  than  1  ppm.  In  the  two  formulations  which  contained  perchlorates,  measurable 
levels  of  hydrogen  chloride  were  found.  However,  the  observed  levels  were  not 
proportionate  to  amount  of  perchlorate  present.  For  example,  while  Composition  L  had 
about  8x  more  perchlorate  in  the  formulation  than  Composition  H,  the  levels  observed  in 
the  chamber  were  about  lOOx  larger.  There  were  a  number  of  metals  found  in  the 
airborne  particles  resulting  from  motor  firings.  Copper,  aluminum  (as  the  oxide),  lead,  tin, 
chromium,  and  cadmium  were  all  found  in  measureable  amounts.  Probably  the  lead  and 
cadmium  ai'e  of  the  greatest  concern  from  a  health  risk  standpoint.  For  both 
Compositions  D  and  Q,  lead  was  found  to  be  present  in  the  diiuted  exhaust  at  levels 
greater  than  10  mg/m^. 

In  Table  7  are  listed  the  particle  size  distributions  of  the  exhaust  products  for  the 
formulations  studied.  The  mass  median  aerodynamic  diameters  (MM AD)  were  all  less 
than  2  tm,  indicating  tliat  the  particles  remaining  airborne  long  enough  to  be  collected  by 
tlie  sampling  method  were  capable  of  being  inhaled.  Although  Composition  D  had  a 
measurably  bimodal  distribution,  the  higher  of  the  two  MMADs  was  still  less  than  5  fm. 
Particles  from  Composition  L  had  a  somewhat  smaller  MMAD  than  of  the  other 
formulations,  but  the  breadth  of  the  distribution  was  larger. 
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TABLE? 


Particle  Size  Distribution 
Rocket  Exhaust  Particulate  Mutter 
Mean  Values 


Mass  Median  Aerodynamic  Diameter  (MMAD)  and  Geometric  Standard  Deviation  (Og) 


Composition 

--®g 

D' 

1.46 

1.86 

H 

1.44 

1.77 

L 

0.807 

2.14 

Q 

0.96 

2.4 

*  Composition  D  had  a  definite  bimodal  distribution; 
iarge  particies  had  a  MMAD  of  3.6  microns,  with  Og  1.8; 
smaii  particles  had  a  MMAD  of  0.47  microns,  with  Og  ■  1.7. 


Trace  Constituents 


Trace  organic  vapor  phase  constituents  present  in  the  exhaust  atmospheres  were 
determined  by  collection  of  samples  on  multi-sorbent  traps,  followed  by  analysis  by  thermal 
desorption  QC/MS.  Because  of  the  sensitivity  of  the  method,  collection  of  sufficient 
sample  was  not  difficult.  However,  the  background  levels  of  vapors  in  the  chamber  were 
very  high,  and  as  a  result,  made  it  very  difficult  to  discern  quantities  of  vapors  arising  from 
the  firing  of  the  rocket  motor.  Despite  the  fact  that  the  chamber  was  flushed  with  clean 
air  between  most  firings,  background  levels  of  collected  constituents  on  chamber  blanks 
were  substantial  (see  Table  8).  This  suggests  that  there  may  be  significant  off-gassing  of 
volatiles  from  materials  adsorbed  on  the  surfaces  inside  the  chamber.  Accurate 
quantitative  determination  of  the  constituents  identified  was  exceedingly  difficult,  because 
it  required  determining  the  difference  between  two  large  values.  Also,  the  largest  peak 
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in  many  cf  the  samples  determined  to  be  a  mixture  of  hydrocarbons  that  were  not 
resolved,  even  by  high-resolution  chromatography.  These  may  be  unbumed,  volatilized 
waxes  used  in  the  manufacture  of  the  test  motors.  In  Appendix  B,  in  Tables  B-1  through 
B-4,  are  listed  the  various  trace  organic  vapor  phase  components  identified  and  quantified 
in  the  exhaust.  The  data  is  summarized  in  Tables  9  -  12.  In  this  case,  mean  quantities 
were  reported  only  if  the  compound  was  observed  in  two  or  more  of  the  traps  analyzed 
from  the  firing  of  a  specific  composition  and  if  the  compound  was  present  at  a  level  50% 
greater  than  the  highest  level  reported  for  any  blank  collected  during  the  series  of  firings. 
Several  comments  are  in  order.  First,  as  stated  above,  it  was  very  difficult  to  obtain  a  truly 
"clean”  chamber  atmosphere  into  which  to  fire  the  motors. 


Table  8 


CONCENTRATION  OF  SELECTED  CONSTITUENTS  IN  CHAMBER  BLANKS 


Concentration 

Concentration 

Cs-cyclopentane 

52.4 

Methylene  chloride 

ns 

C^2'Cyclohexasiloxane 

8.2 

Methyl  crotonate 

2.1 

C  j2-cyclohexasiloxBne 

4.4 

Cg-cyclotrisiloxane 

23S 

C3-cyclopontane 

7.4 

Cg-cyclotetrasiloxane 

75 

Dlethylphthalate 

19.1 

C3-cyclopentane 

254 

Pentadecane 

2.1 

Terpinene 

8.8 

Nonadecane 

2.6 

CiQ-cyclopentaslloxane 

129 

Trimethylcyclobutanone 

3.5 

Naph^alene 

8.8 

Originally,  it  was  believed  that  the  siloxane  compounds  may  have  resulted  from 
contamination  of  the  multi-sorbent  traps  with  a  soap  bubble  solution  which  was  used  in 
measuring  the  sample  flow  rates  in  some  of  the  earlier  studies.  (This  potential  for 
contamination  has  been  confirmed  by  subsequent  experiments  in  the  laboratory). 
However,  the  siloxanes  were  also  present  in  the  blanks  which  were  acquired  in  later 
experiments,  in  which  only  instrumental  calibration  of  the  flow  rates  were  made.  Thus,  the 
siloxanes  may  be  off-gassed  byproducts  of  the  detergents  used  to  clean  the  chamber  prior 
to  the  motor  firings,  or  they  may  be  tine  products  of  the  propellant  combustion. 
Significant  amounts  of  siloxane  have  been  seen  in  the  vapor  phases  of  several  of  the 
exhausts  from  various  motors.  In  general,  there  appeared  to  be  a  greater  variety  of  trace 
organics  present  in  the  vapor  phase  of  the  composition  D  and  H  exhausts.  The  fact  that 
Composition  L  is  predominantly  inorganic  probably  contributes  to  this  observation. 

Table  13  summarizes  the  maximum  observed  concentrations  of  non-slloxane  compounds 
found  in  the  ASCF  atmospheres  for  those  constituents  with  levels  greater  than  10 
(ca.  3  ppbv  for  benzene).  For  example,  the  average  concentration  for  benzene  was  17.6 
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figlrr?  or  5.4  ppb.  Overall,  the  concentrations  of  these  species  were  several  orders  of 
magnitude  below  the  levels  at  which  they  are  regulated  for  workplace  exposures.  One  may 
conclude  table  9 
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TABLE  9 

ESTIMATED  CONCENTRATION  OF  TRACE  VAPOR  PHASE  CONSTTrUEMTS 

COMPOSmON  D 


Trichloroethane 

0.4 

Benzene 

13.5 

Trichloroethylene 

2.0 

Methyl  crotonate 

15.3 

Toluene 

10.6 

C,-cyclotrlsiloxana 

11 

Cj-benzene 

6.7 

Phenylaoetylene 

2.7 

Styrene 

4.7 

Cy'betizene 

2.7 

Cj-benzene 

3.9 

Decane 

1.5 

Decane 

0.9 

Terplnene 

0.7 

Ci'cyclotetraslloxane 

16 

Terlpene 

1.1 

Undecane 

0.8 

Naphthalene 

6.1 

Cj-cyclopentane 

1.3 

Dodecans 

0.7 

C,g-cyclohexaslloxane 

17.8 

Mexadecane 

1.1 

•  Estimated  by  determination  of  mean  value  for  at  least  2  of  traps  analyzed,  which  must  be  at 
least  60%  greater  than  the  highest  blank  level  observed,  Levels  have  been  corrected  for  blanks, 
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TABLE  10 

ESTIMATED  CONCEMmATiON  OF  TRACE  VAPOR  PHASE  CONSTmJENTS 

COMPOSmON  H 


CONSTTrUENTT 

APPROXIMATE  MEAN  CONC 

Trlchlorofluoromethane 

9.8 

Trichloroethane 

0.4 

Benzene 

17,6 

Methylcrotonate 

7.0 

Toluene 

2.2 

Phenylaoetylene 

2.4 

Cg-benzene 

0.7 

Heptene 

6.4 

Cyanobenzene 

18.0 

C, -benzene 

1.4 

Cj-cyolopentana 

16.1 

C^-cycloheptaslloxane 

2.2 

*  Estimated  by  determination  of  mean  value  for  at  least  2  of  traps  analyzed,  which  must  be  at 
least  SUVo  greater  than  the  highest  blank  level  observed.  Levels  have  been  corrected  for  blanks. 
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TABLE  11 

ESTIMATED  CONCENTTRATION  OF  TRACE  VAPOR  PHASE  CONSmiENTS 

COMPOSmON  L 


CONSTRIJENT  APPROXIMATE  MEAN  CONCENfTRATON*.  ud/tr? 

Octamethyl-cyclotetraslloxane  3.5 

Octamethy-cyclotetrasiloxane  2.6 


*  Estimated  by  detefinlnatlon  of  mean  value  for  at  least  2  of  traps  analyzed,  which  must  be  at 
least  50%  greater  than  the  highest  blank  level  observed,  Levels  have  been  corrected  for  blanks. 


TABLE  12 

ESTIMATED  CONCENTRATON  OF  TRACE  VAPOR  PHASE  CONSTTUENTTS 

COMPOSmON  Q 

gOMniygNT  APPBQXLMATSJ^^N.CEm^T1.QN.!..i^^ 


trichlorofluromethane 

0.6 

hexamethyl  cyclotrlslloxane 

0.2 

trlmethyl-cyclobutanane 

23.5 

octamethyl-cyclotetraslloxane 

0,3 

phthalate 

8.5 

•  Estimated  by  determination  of  mean  value  for  at  least  2  of  traps  analyzed,  which  must  be  at 
least  50%  greater  than  the  highest  blank  level  observed.  Levels  have  been  corrected  lor  blanks. 


31 


( 


TABLE  13 

NON-SILOXANE  VAPOR  PHASE  COMPOUNDS  PRESENT  IN 
MOTOR  EXHAUSTS  AT  CONCENTRATIONS  GREATER  THAN  10  In  ASCF 
CHAMBER 

Component  .CompositlM!?  Max  I  m  u  m 

Caacfintration.  itg/m. 


Benzene  D,H 

Meihylorotonkte  H 

Toluene  H 

Cyinobenzene  H 

Ct'oyolopenUne  H 

tn  methyl-oyelobuUnone  Q 


*  Compoiition  only  Uited  if  present  at  >  lOag/m^  in  that  particular  exhaust  atmosphere. 


17.6 

1S.3 

lO.S 

18.0 

16.1 

M.5 


from  this  that  the  levels  of  trace  organic  vapor  phase  constituents  are  probably  not  of 
concern  ffom  a  health  risk  standpoint  under  most  conceivable  use  scenarios.  Only  by 
repeated  firings  from  an  enclosed  space  could  these  materials  reach  toxic  levels.  And 
before  toxic  levels  of  the  organic  vapor  phase  species  was  reached,  CO  levels  would 
probably  be  lethal. 

Determination  of  the  higher  molecular  weight  particulate-phase  constituents  proved 
difficult  for  the  samples  from  the  initial  runs  of  Composition  D  (the  first  propellant 
studied).  Because  of  filter  clogging  immediately  following  tiie  firing  of  the  test  motors,  the 
number  of  particles  collected  was  very  small.  For  example,  the  largest  amount  of  sample 
collected  on  any  of  the  Initial  runs  was  40  mg.  This  was  dispersed  over  a  4''-diameter 
Teflon-coated  glass  fiber  filter,  Initial  GC  analysis  of  the  extracts  indicated  very  low  levels 
of  hydrocarbons.  Next,  the  extracts  were  subjected  to  GC/MS  analysis  with  selected  ion 
monitoring  (SIM).  SIM  has  tlie  advantage  of  identifying  species  from  selected 
characteristic  ions,  as  opposed  to  using  the  entire  ionic  fragmentation  pattern.  Due  to  the 
small  amounts  of  material  collected  on  the  filters,  quantliies  detected  in  the  particulate 
filter  extracts  were  coasidorably  below  our  normal  detection  limits  for  the  target 
constituents.  For  that  reason,  in  the  precedl"”  studies,  the  particulate  collection  system 
was  modified  to  be  a  two-stage  filter.  This  approach  proved  to  be  much  more  successful 
at  collecting  greater  amounts  of  particles.  In  Table  14  are  listed  the  polynuclear  aromatic 
hydrocarbons  (PAH’s)  determined  in  the  exhaust  particles  collected  from  the  firings  of 
Compositions  D,  H,  L,  and  Q.  In  addition,  a  comparison  is  also  made  between  these 
levels  and  those  determined  for  outside  air  at  a  military  base.  A  few  comments  are  in 
order.  First,  only  data  for  particles  collected  in  the  coarse  filters  are  reported.  The  fine 
filters  collected  very  few  particles  (1  -  5  mg),  and  thus  many  of  the  levels  determined  are 
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at  or  near  the  instrumental  limits  of  detection.  Nitro-PAHs  were  determined  only  for 
Composition  D  and  H  exhausts.  The  levels 
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(/^g)  of  Nitro-PAH  and  PAH  in  Parfic^uiate  Maner  Collected  on  Coaise  Filteis  at  ASCF: 
ompstfison  v¥ith  Outdoor  Air  Pci/&»iate  CoOected  at  U.S.  Army  installalion 


34 


determined  in  these  earlier  studies  were  so  low  that  a  repeat  of  the  complex  analyses  did 
not  seem  warranted.  Despite  the  very  low  levels  of  PAH  found  in  the  particulates,  the 
results  are  fairly  consistent  from  sample  to  sample.  The  concentrations  of  a  few  selected 
PAHs  in  the  particles  of  the  Q  exhaust  were  somewhat  higher,  but  not  by  more  than  an 
order  of  magnitude.  The  only  nitro-PAH  which  was  identified  consistently  in  the  exhausts 
of  the  motors  was  2'nitrofluorene,  in  the  exhaust  of  Composition  H.  Its  concentration 
ranged  from  ca.  30  -  60  ng/g.  Most  of  the  other  PAHs  identified  and  quantified  in  the 
exhausts  were  present  at  levels  less  than  1  uglg.  The  outdoor  air  particulate  sample  with 
which  a  comparison  is  made  was  acquired  outside  a  large  motor  pool  building  at  Fort 
Carson,  Colorado,  in  the  mid-1980’s  as  background  data  for  another  project  supported  by 
die  USABRDL^.  A  ms^or  contributor  to  the  particulates  in  this  sample  was  expected  to 
be  diesel-  and  gasoline-powered  motor  vehicle  exhaust.  The  comparison  indicates  that, 
with  the  exception  of  2-nitrofluorene,  the  PAH  content  of  the  rocket  exhaust  particulate 
is  substantially  less  titan  (usually  by  a  factor  of  10  or  so)  that  of  outdoor  air  particulate 
matter  found  in  a  semi-urban  setting  at  a  military  base.  Also,  the  BaP  content  of  the 
exhaust  particulates  is  about  half  that  of  cigarette  smoke  particulate  matter^^.  Because  of 
the  relatively  low  concentrations  of  the  PAH  in  the  particle  phase,  the  airborne 
concentrations  of  the  PAHs  are  very  low.  For  example,  at  the  maximum  particle 
concentration  of  '  '  mg/m^  in  the  ASCF  chamber  (as  a  surrogate  for  human  exposure 
conditions),  the  highest  observed  airborne  benzo(a)pyrene  concentrations  would  be 
approximately  0.09 /ig/m^,  and  that  ofbenzo(g,h,i)perylene  would  be  0.36 /ig/m^,  At  these 
levels,  the  airborne  PAHs  and  nltro-PAHs  in  the  rocket  exhaust  probably  do  not  represent 
an  additional  health  hazard  above  that  of  normal  urban  air  particulates  for  the  troops 
using  such  weapon  systems. 

SUMMARY  AND  RECOMMENDATIONS  •  PART  1 

The  exhaust  products  from  the  firing  of  2x2  rocket  motor, s  in  a  20  m^  test  chamber  have 
been  characterized.  The  data  indicated  that  of  all  of  the  toxic  and/or  carcinogenic  species 
present,  most  were  present  at  very  low  levels.  Of  the  major  toxic  constituents,  carbon 
monoxide  was  the  most  universally  present.  Interestingly,  the  formulation  with  the  greatest 
fraction  of  inorganic  material  (Composition  L)  yielded  the  highest  concentration  of  CO 
in  the  ASCF  chamber  per  1(X)  g  of  propellant.  Nitric  oxide  was  present  in  all  of  the 
exhausts,  but  typically  at  levels  less  than  S  ppm  in  the  20  m^  chamber.  No  ammonia  or 
hydrogen  cyanide  was  observed  at  levels  greater  than  1  ppm.  Levels  of  HCl  were  observed 
in  the  Composition  L  exhaust  which  were  very  high  (  >  lOOppm),  and  it  seems  likely  that 
firing  of  this  propellant  in  an  enclosed  space  would  produce  very  high  concentrations  of 
this  toxic  species.  However,  no  data  was  obtained  as  to  whether  the  HCl  was  present  in 
the  particle  or  the  vapor  phase. 

Particles  were  present  at  substantial  levels  in  all  of  the  exhaust  atmospheres  (  a30  mg/m^). 
Particle  size  distributions  indicated  that  for  those  particles  which  could  be  collected  under 
the  sampling  conditions  employed,  virtually  all  of  the  material  was  within  an  inhalable  size 
range  (  <10/mi  mass  median  diameter).  A  large  fraction  of  the  airborne  particles  were 
comprised  of  metallic  species.  Copper  and  lead  (especially  the  latter)  were  present  in  the 
ASCF  atmospheres  of  many  of  the  motor  types  at  levels  above  those  regulated  by  OSHA. 
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However,  the  levels  of  PAHs  and  nitro-PAHs  in  the  particulates  were  very  low. 
Comparison  with  airborne  particulate  matter  collected  at  a  military  installation  indicated 
that  the  PAH  content  of  the  particles  was  about  1/10  that  of  outdoor  air  particles. 

Quantitative  determination  of  the  organic  vapor  phase  constituents  was  very  difficult  due 
to  both  the  very  low  levels  at  which  they  were  present  and  the  presence  of  large  amounts 
of  other  species  in  the  background  samples.  Tlte  latter  included  a  large  number  of 
cyclosiloxanes,  probably  from  the  off-gassing  of  the  chamber  walls  following  cleaning,  Only 
a  few  exhaust  components  were  found  at  levels  greater  than  a  few  ppb.  These  included 
benzene,  toluene,  methylcrotonate,  and  cyanobenzene.  These  were  typically  present  at 
levels  less  than  10  ppb  in  the  chamber. 

From  the  standpoint  of  follow-on  studies,  recommendations  depend  on  the  goal  of  such 
efforts.  If  the  goal  is  to  refine  the  comparison  between  the  observed  chemistry  and  the 
predicted  compositions,  then  the  determination  of  methane  (CH4)  and  molecular  hydrogen 
(Hj)  would  be  very  desirable.  Such  is  a  very  difficult  task,  and  would  likely  require  a 
dedicated  real  time  mass  spectrometer  to  make  such  measurements.  However,  the 
determination  of  such  constituents  would  not  significantly  further  the  understanding  of 
potential  health  risks  of  the  exhaust  products,  since  neither  are  toxic  species. 

Since  these  experimental  studies  were  performed,  there  have  been  two  developments  In 
the  field  of  analytical  chemistry  which,  if  applied  to  these  studies,  could  significantly 
improve  the  quality  of  the  data  generated,  especially  with  regard  to  the  determination  of 
volatile  organics.  First,  a  number  of  carbon  bas^  adsorbents  are  now  commercially 
available  which  have  many  fewer  artifacts  than  the  Tenax  used  in  these  studies.  Were  the 
sorbent  traps  used  in  these  studies  replaced  with  the  new  systems,  it  is  likely  that  the 
number  of  artifacts  present  in  the  samples  would  be  significantly  reduced,  minimizing  the 
complexity  of  the  interpretation  of  die  data.  Also,  the  recent  development  of  direct 
sampling  ion  trap  mass  spectrometry  (DSITMS)  for  the  determination  of  airborne  vapor 
phase  constituents  is  significant.  DSII  MS  could  used  to  provide  determination  of  a 
number  of  volatile  species  of  toxicologic  interest  in  real  time,  much  like  an  NDIR.  analyzer 
provides  real  time  measurement  of  CO  or  CO2.  Tran.sportable  DSITMS  systems  are  now 
under  development  at  ORNL  for  air  toxics  monitoring  at  environmental  remediation  sites, 
and  such  technology  could  be  usehil  for  other  scenarios. 

Finally,  the  most  important  recommendation  for  future  work  is  the  determination  of  tlie 
exhaust  product  composition  under  actual  field  conditions,  firing  full  scale  motors.  There 
are  two  important  reasons  for  this.  1  irst,  the  data  in  this  study  indicates  that  changes  in 
the  physical  properties  such  as  bum  time  can  have  a  radical  effect  on  exhaust  composition. 
This  sugge.sts  that  It  will  be  difficult  to  obtain  highly  realistic  data  unless  true  field 
measurements  can  be  made.  Secondly,  firing  of  the  test  motors  in  an  enclosed  chamber 
causes  significant  mn-to  run  background  contamination  problems.  Perhaps  the  firing  of 
motors  in  single  use,  disposable  structures,  such  as  large  nylon  tents,  would  eliminate  much 
of  the  contamination  problem. 
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PART  2  -  MODELING  FOR  HEALTH  HAZARD  PREDICTION 


INTRODUCTION 


Over  the  past  30  years,  several  digital  computer  programs  have  been  developed  at  the 
National  Aeronautics  and  Space  Administration’s  Lewis  Research  Center  to  carry  out  the 
considerable  numerical  calculations  involved  in  the  determination  of  the  equilibrium 
composition  of  complex  chemical  mixtures  at  high  temperatures^’  Updates  to  these 
programs  have  incorporated  improved  computational  methods  and  adaptations  to 
improvements  in  computer  speeds  and  capacities.  In  accordance  with  a  suggestion  from 
project  management,  we  have  used  the  1986  version^^  of  the  program  described  in 
Reference  27  to  obtain  estimates  of  the  composition  of  the  exhaust  gases  from  four 
different  solid  propellants.  This  was  referred  to  as  the  NASA>Lewis  model,  version  CET> 
86.  The  program  obtains  estimates  of  the  equilibrium  composition  of  a  mixture  of  several 
components  by  minimiaing  either  the  Oibbs  ftmction  or  the  Helmholts  ftinctlon.  If 
temperature  and  volume  are  constant,  the  Helmholtz  frmction  of  a  system  decreases  during 
an  irreversible  process,  becoming  a  minimum  at  equilibrium;  if  temperature  and  pressure 
are  constant,  the  same  is  true  of  the  Oibbs  frinction^^.  All  gases  are  assumed  to  be  ideal, 
even  if  small  amounts  of  condensed  species  are  present.  Calculations  can  be  done  for  any 
one  of  six  combinations  of  assigned  state  parameters  (e.g., temperature,  pressure,  density, 
entropy,  and  enthalpy);  additionally,  theoretical  rocket  performance  data  can  be  obtained. 
The  assumptions  involved  in  the  calculation  of  rocket  performance  parameters  are  listed 
in  Ref.  3.  Briefly,  they  are;  (1)  validity  of  the  one-dimensional  form  of  the  continuity, 
energy,  and  momentum  equations;  (2)  zero  velocity  (no  gas  movement)  in  the  combustion 
chamber;  (3)  complete  combustion  (in  the  sense  that  all  reactants  are  converted  to 
products);  (4)  adiabatic  combustion;  (5)  isentropic  (adiabatic  and  reversible)  expansion; 
(6)  homogeneous  mixing;  (7)  ideal  gas  law;  and  (8)  zero  temperature  and  pressure  lags 
between  condensed  and  gaseous  species.  An  extensive  discussion  of  these  assumptions  and 
their  validity  can  be  found  in  Reference  30. 

The  program  first  determines  combustion  properties  in  the  rocket  motor  chamber  and 
then  determine.s  exhaust  composition  and  properties  at  various  stations  in  the  nozzle. 
Since  our  propellants  were  fired  in  motors  having  a  range  of  exit  diameters,  we  used  the 
feature  of  the  program  that  allows  estimation  of  exit  compositions  for  a  set  of  several  exit 
to  throat  area  ratios.  (In  this  case,  the  throat  of  the  motor  is  considered  to  be  the  choke 
point,  or  opening  of  the  smallest  diameter.  The  exit  is  the  exit  of  the  motor  nozzle.  Using 
these  definitions,  the  ratio  of  the  exitithroat  areas,  A^/A^,  must  always  be  larger  than  1.0.) 
In  Table  IS  are  listed  the  ranges  of  exit/throat  area  ratios  possible  for  each  motor.  In 
each  of  the  predictions,  we  used  the  design  pressure  as  the  combustion  chamber  pressure. 
The  throat  pressure  is  defined  to  be  the  pressure  at  which  the  flow  velocity  is  equal  to  the 
velocity  of  sound. 

The  iterative  procedures  used  by  the  program  are  discussed  in  detail  in  Reference  27. 
Briefly,  combustion  temperature  and  equilibrium  compositions  are  determined  for  an 
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assigned  chamber  pressure  and  the  reactant  enthalpy.  From  the  combustion  compositions 
and  temperature,  the  combustion  entropy  can  be  determined,  Assuming  isentropic 
expansion,  the  program  then  obtains  a  first  estimate  for  the  ratio  of  chamber  pressure  to 
throat  pressure;  from  the  throat  pressure  and  the  entropy,  the  actual  gas  velocity,  the 
speed  of  sound,  and  the  Mach  number  can  be  calculat^;  if  the  Mach  number  is  not 
sufficiently  close  to  unity,  the  pressure  ratio  is  corrected  and  a  further  calculation  of  Mach 
number  is  done.  Exit  conditions  for  assigned  exit-to-throat  area  ratios  are  also  obtained 
from  an  initial  estimate  of  the  ratio  of  the  chamber  pressure  to  the  exit  pressure,  followed 
by  iterative  correction,  The  converged  value  of  pressure  ratio  for  each  area  ratio  is  used 
as  the  initial  estimate  for  the  next  area  ratio. 

We  obtained  the  program,  test  case  input,  and  output  from  the  NASA  Lewis  Research 
Center^*.  We  were  able  to  compile  the  program  on  our  VAX  6000-420  computer  and 
were  able  to  reproduce  the  test  case  output  with  no  problems.  In  our  series  of  calculations 
the  program  has  performed  in  a  very  reliable  manner;  we  have  had  no  difficulties  with  any 
of  the  iterative  procedures  falling  to  converge. 

RESULTS  AND  DISCUSSION 

In  Tables  16  - 19  are  listed  the  predicted  mole  fractions  of  various  exhaust  components 
over  the  range  of  potential  ratios  of  exit  areas  to  throat  areas.  (The  full  computer 
printouts  for  selected  runs  for  each  composition  are  included  in  Appendix  C.)  Note  that 
there  have  been  two  independent  checks  of  these  computations^  ^  First,  CET86 
computations  of  mole  fractions  of  Composition  H  were  checked  against  the  "Blake"  code 
and  found  to  be  In  excellent  agreement.  (See  discussion  regarding  Table  23,  below), 
Secondly,  the  calculations  were  verified  by  running  MUCET,  a  modified  version  of  CET86 
prepared  by  Eli  Freedman  &  Associates  for  use  with  microcomputers.  Results  were 
identical  to  those  reported  here. 

The  model  has  a  cut-off  feature.  Essentially,  it  can  predict  the  levels  of  over  100 
compounds,  but  will  only  report  out  those  mole  fractions  which  are  larger  than  a  user- 
specified  value.  For  this  work,  a  mole  fraction  of  5xl0‘‘^was  employed.  The  rationale  for 
using  this  value  was  as  follows.  If  it  is  assumed  that  there  are  about  2  moles  of  exhaust 
products  in  the  ASCF  chamber  following  a  firing,  a  mole  fraction  of  Sxl0‘^  would  be 
equivalent  to  1x10*^  moles  of  the  particular  product  in  the  chamber.  This  assumption  was 
in  fact  supported  by  the  chemical  characteriiatlon  data  (see  above).  For  a  compound  with 
a  nominal  molecular  weight  of  100  g/mole,  this  translates  to  a  concentration  of  5  Atg/m^, 
or  1 .5  ppbv,  in  the  20  m^  ASCF  chamber.  Few  airborne  compounds  are  considered  to  be 
a  significant  health  risk  at  such  low  concentrations.  In  addition,  unless  a  very  large  sample 
is  acquired,  it  is  usually  difficult  to  confidently  quantify  such  species  at  these  low  levels. 

Using  this  criterion,  with  the  exception  of  the  metals  in  the  exhaust  products,  the  only 
compounds  which  were  predicted  to  be  present  in  the  exhaust  were  carbon  monoxide, 
carbon  dioxide,  hydrogen,  water  vapor,  ammonia,  and  methane.  In  none  of  the  cases  did 
the  model  predict  significant  quantities  of  nitric  oxide,  de.splte  the  fact  that  NO  was 
observed  at  levels  near  to  or  greater  than  1  ppm  on  each  burn. 
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Table  16 

Predicted  Mole  Fractions  as  a  Function  of  Exit/Throat  Area  Ratios 
Composition  D 

Chamber  pressure  m  2S00  psia 


AA 

1.1300 

1,8600 

2.2500 

3.1300 

6,1700 

6,2500 

ExH  T,*K 

2256,4 

1894.1 

1788.5 

1C26.8 

1419.6 

13.55,0 

Mole  fractions 

Leo _ 

.37059 

,35871 

.35390 

,34478 

.32876 

.32241 

mm 

.14561 

,16759 

.16241 

,17154 

.18766 

.19391 

.11245 

,12448 

.12931 

.13844 

.15445 

.16080 

HjO 

.23930 

.22754 

.22273 

.21362 

.19760 

.19126 

CuCTotal) 

2.3949X10'* 

2,4058x10'* 

2,4062x10-* 

2,4063x10-* 

2.4063x10'* 

2,4062x10'* 

PbfTotal) 

2.2823x10'* 

2.3222x10'* 

2,3276x10-* 

2.3325x10* 

2.3352x10'* 

2,3363x10'* 

tsm 

1,1 109X10* 

8.7647x10'* 

8,4223x10'* 

8.2080x10* 

8,6068x10* 

8,8299x10* 

2,545 

2.276 

2,179 

2.010 

1,753 

1.663 

7.629x10'* 

5.662x10'* 

8.662X10'* 

4.788,X10'* 

4,589x10'* 

4.654x10'* 

Chamber  pressure  ■  < 

MOO  pels 

ESHI 

1,1300 

1.8600 

2,2500 

3.1300 

6.1700 

6.2500 

Exit  T,‘K 

2266.8 

1893,7 

1788.1 

1626.4 

1420.8 

1365,7 

Mote  fractions 

CO 

,37061 

.35869 

.35388 

,34478 

.32888 

.32248 

14560 

,15761 

.16243 

,17166 

.18744 

.19384 

H, 

.11245 

.12460 

.12933 

.13846 

.15433 

,16073 

mm 

.23933 

.22762 

,22271 

.21359 

,19772 

.19133 

2,3968X10'* 

2,4059x10-* 

2,4062x10'* 

2,4634x10* 

2,4062x10'* 

2,4063x10'* 

PbfTotal) 

2,2819x10'* 

2.3219x10'* 

2,3274x10'* 

2.3322x10'® 

2,3356X10* 

2,3366x10-* 

BliHi 

1,3315x10'* 

1.0619x10'* 

1.0110x10'* 

9,8554x10* 

1,0279x10'* 

1.0566x10* 

2.545 

2.276 

2.179 

2.010 

1,755 

1,664 

9,145x10'* 

6,674x10* 

6,224x10* 

6,745x10* 

6,484x10'* 

5.450x10'* 

A^A,;  Ratio  of  the  exit  area  to  throat  area 
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Table  17 

Predicted  Mole  Fractions  as  a  Function  of  ExItyThroat  Area  Ratios 


Composition  H 

Chaitiber  pressure  «  5000  psia 


8,3000 

10,000 

15.000 

23.000 

Exit  T.*K 

1S76.0 

1607.1 

1372.2 

1251.4 

Mote  fractions 

CO 

.25795 

.25360 

.24311 

.23079 

CO, 

.25776 

.26229 

.27332 

.28608 

H, 

8.6609x10* 

9.0087X10'* 

.10095 

.11357 

ESHI 

.24704 

.24278 

.23242 

.22018 

HCI 

4.5892x10'^ 

3.4824x10'^ 

1.8022x10“* 

8.1443X10* 

KOI 

1.3366x10* 

1.2799x10'* 

1.0928x10'* 

7.7913x10* 

KCI(I)* 

0.0000  0 

0.0000  0 

0.0000  0 

1.6516x10'* 

2.6247x1  O'* 

2.5729x10'* 

2.7684x10-* 

3.0523x10*' 

1.0007 

.9669 

.8896 

,8067 

1.7804X10* 

1.3277X10* 

6.6937X10'* 

2.8469x10'* 

9,7947x10-* 

9.8094X1  O'* 

1.0129x10'* 

1.0669x10* 

aJA,:  Ratio  of  the  exit  area  to  throat  area 
•:  Liquid 


Table  18 

Predicted  Mole  Fractions  as  a  Function  of  Exit/Throat  Area  Ratios 


Composition  L 

Chamber  pressure  •>  2600  psia 


AA 

7.2000 

10.000 

16.000 

20,000 

ExItT,  'K 

1281.3 

1176.4 

1069.3 

986.5 

1  Mole  fractions 

CO 

.14681 

.13636 

.11945 

.10732 

CO, 

.11088 

.13129 

.14697 

.16895 

HOI 

.20072 

.20084 

.20139 

.20167 

H,0 

.25903 

.24758 

.23169 

.21983 

EEHH 

4.5708X10-'' 

4.6704X1 0-* 

4.6672X1 0-* 

4.6669X10-“ 

BaCI, (Total) 

4.6671x10-^ 

4.6849X10-^ 

4.6860x10-* 

4.6849x10* 

Cr,0,(a) 

8.1900x10'' 

8.1892x10"' 

8.1836x10-* 

8.1831x10* 

Cu(a) 

0.0000  0 

1.3842x10-* 

8.3239x10-* 

1.1224x10-“ 

^[[|H 

9.61 49x1  O'* 

1.0736x10-* 

1.2947x10** 

1.6182X10“ 

1.226 

1.031 

0.813 

0.676 

1.674 

1.530 

1.370 

1.289 

NH^CO, 

8.020x10-* 

8.177x10-* 

8.809x10* 

0.661x10-* 

A^A,;  Ratio  of  the  exit  area  to  throat  area 
Solid 


Table  19 

Predicted  Mole  Fractiorvs  as  a  Function  o(  Exlt/Throat  Area  Ratios 


COMPOSmON  Q 

CHAMBER  PRESSURE  -  1480  psia 


Ae/At 

32.600 

35.100 

35.800 

Exit  T,  ‘K 

916.9 

904.4 

900.7 

II  Mole  Fractions  || 

CO 

2.1030x10-’ 

2.0683X10-' 

2.0690X10-' 

CO, 

1.8391x10-' 

1.8732x10-' 

1.8823x10-' 

H,0 

1.0248x10' 

9.9604x10* 

9.8736X10-* 

NH, 

1.61 08x1 0-‘ 

1. 6668X10-* 

1.6810X10* 

ZrO,  CTotal) 

2.3203X10-* 

2.3216X10-* 

2.3220X10-’ 

Pb 

1.0228x10-* 

1.0234x10-* 

1.0236x10-’ 

X 

o 

7.207.3x10“* 

1. 0005X1 0-* 

1.0839X10-’ 

Bl 

1. 0066x1 0‘* 

1.3169x10-* 

1.3826X10* 

CO/CO, 

1.143 

1.102 

1.094 

NHj/CO, 

8.216x10-* 

8,364x10* 

9.390x20-® 

A^A,;  Ratio  of  the  exit  area  to  throat  aroa 
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For  many  of  the  Input  parameters,  the  model  was  not  particularly  sensitive  to  substantial 
changes.  For  example,  for  Composition  H,  a  nearly  3>fold  change  in  the  exit/throat  area 
ratios  decreased  the  predicted  mole  fraction  of  CO  by  less  than  12%.  The  ratio  of  major 
components  was  not  significantly  altered.  For  Composition  D,  a  S<fold  change  in  the 
reduced  the  CO/CO2  ratio  by  35%.  The  ratios  of  minor  to  m^jor  components  were 
typic^ly  affected  to  a  greater  degree.  In  many  cases,  mistakes  made  in  the  original  entry 
of  data  into  the  model  were  difficult  to  identify,  since  the  mistaken  or  modified  entry 
resuited  in  such  a  small  change  in  the  data  output.  For  example,  considerable  effort  was 
place  into  obtaining  or  calculating  the  best  heats  of  formation  for  compounds  present  in 
the  formulations.  However,  an  exact  value  may  not  be  particularly  critical  to  the  modeling 
projections.  For  example,  in  Table  20  are  compared  the  mole  fractions  predicted  by  the 
model  for  a  ±5%  change  in  the  heat  of  formation  of  ammonium  perchlorate,  which 
comprises  nearly  75%  of  the  starting  formulation.  The  results  of  the  manipulation  show 
only  minor  changes  in  the  predicted  mole  fractioas.  For  example,  the  predicted  mole 
fraction  of  HCI  changed  only  in  the  fourth  decimal  place. 

From  the  standpoint  of  predicting  the  compo.sition  of  the  exhaust  products  in  the  chamber, 
the  model  was  not  particularly  effective.  As  stated  previously,  in  no  case  did  the  model 
predict  NO  to  be  present  at  levels  above  10  ppb,  even  though  NO  levels  were 
experimentally  observed  near  1  ppm,  In  Table  21  are  compared  the  ranges  of  observed 
and  predicted  ratios  of  carbon  monoxide  to  carbon  dioxide  in  the  ASCF  chamber.  For 
Composition  H,  the  predicted  values  were  very  close  to  those  observed.  For  Composition 
L,  the  model  was  accurate  to  within  a  factor  of  2  •  3,  For  the  other  two  formulations 
tested,  there  was  substantial  disparity  between  observed  and  predicted  values.  In  both  of 
these  cases,  tlte  model  predicted  a  much  higher  fraction  of  CO  to  be  present  tlian  that 
which  was  observed.  If  the  model  hud  been  used  to  make  a  health  risk  projection,  the  ri,sk 
from  CO  exposure  would  have  been  considerably  overestimated. 

The  comparison  of  observed  and  predicted  absolute  concentration  levels  in  the  ASCF 
chamber  is  a  much  more  complex  task.  Briefly,  the  moles  of  the  elements  present  in  the 
formulation  were  computed.  Since  we  did  not  determine  water  vapor  or  liydrogen  gas  in 
the  chemical  characterization  studies,  it  was  assumed  that  all  of  the  H  present  in  the 
formulation  was  converted  to  water  vapor.  (From  afunctional  standpoint  of  predicting  the 
concentrations  of  other  species,  it  makes  no  difference  if  the  H  present  existed  os  water 
vapor  or  Hj  gas.)  Next,  the  total  number  of  moles  measured  in  the  chamber  was 
calculated,  assuming  100%  efficiency  of  conversion  of  H  to  water  in  the  chamber.  Finally, 
the  mote  fractions  of  the  various  species  were  multiplied  by  the  total  number  of  moles 
present,  and  divided  by  the  chamber  volume,  in  order  to  estimate  chamber  concentrations 
of  the  target  species.  The  results  of  these  calculations  are  summarized  in  Table  22.  In 
general,  the  model  was  very  good  at  predicting  the  concentrations  of  metallic  species.  In 
the  case  of  zirconium  oxide  for  Composition  Q,  and  copper  foi  Composition  D,  there  was 
substantial  over-estimation  of  the  concentrations.  This  may  be  due  to  settling  of 
particulates  containing 


TABLE  20 

Effect  of  i  5%  Shift  <r\  Heat  of  Formation  of  AmnrKMiium  Perchlorate 

Composition  L 

Predicted  Mole  Fractions 


H, « -74109.  cal/mole 


Predicted  Temperature,  *K 


CO 


CO/CO, 


H,0 


7.2 

10.0 

16.0 

20.0 

1248.8 

1146.3 

1033.7 

963.8 

.14393 

.13194 

.11561 

.10326 

.12269 

.13431 

.16041 

.16256 

1.17 

.98 

.77 

.64 

.26626 

.24320 

.22699 

.21623 

.19284 

.20402 

.21948 

.23066 

.19924 

.19992 

.20044 

.20076 

7.833x10-* 

7.826x1 0‘* 

7.822x10-* 

7.823x10-* 

1.583x10* 

2.442x10* 

3.070x10-* 

3.331x10-® 

1.143X10-* 

1.284x10-* 

1.666x10* 

1. 836X10-* 

AJ^ 


Predicted  Temperature,  *K 


CO 


H,  m  .67051.  cal/mole 


.2 


1300.9 


.14912 


.11748 


1.27 


.26048 


.18794 


.19898 


’MS 


8.885x1  O'* 


atio  Of  me  exit  area  to  tnroat  area 


10.0 

15.0 

20.0 

1194.0 

1076.7 

1001.2 

.13778 

.12215 

.11017 

.12854 

.14394 

.16678 

1.07 

.85 

.71 

.24902 

.23337 

.22167 

.19641 

.21330 

.22469 

.19975 

.20032 

.20059 

7.82/X10-* 

7.821x10-' 

7,820X10-' 

2.240x10-* 

2.958x10® 

3.260x10® 

9.774x1  O'* 

1.169x10® 

1.367x10* 
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these  species  before  they  could  be  collected,  For  Compositions  D  and  Q,  the  model 
substantially  over'predicts  CO  and  underestimates  the  amount  of  CO^  produced.  In  the 
cases  of  the  formulations  which  were  expected  to  produce  measurable  amounts  ofHCl,  the 
model  predicted  more  HCl  than  was  measured  in  both  cases:  It  could  be  that  in  this  case, 
the  acquisition  of  the  sample  could  be  suspect.  First,  some  of  the  HCl  or  potassium 
chloride  could  have  been  adsorbed  on  particulate  matter  which  settled  very  rapidly  in  the 
chamber.  In  this  case,  the  material  would  not  reach  the  input  to  the  continuous  HCl 
analyzer.  In  addition,  some  of  the  HCl  may  have  been  lost  in  the  short  lengths  of  Teflon 
tubing  leading  from  the  chamber  atmosphere  to  the  analyzer. 


TABLE  21 

COMPARISON  OF  OBSERVED  AND  PREDICTED 
CARBON  MONOXIDE:  CARBON  DIOXIDE  RATIOS 


Propellant  Composition 

D 

H 

L 

Q 


Observed 


Minimum 

Maximum 

0.0924 

0.2265 

1.028 

1.160 

1.817 

2.473 

0.0622 

0.0779 

Prcdictod 


Minimum 

Maximum 

1.663 

2.545 

0.8067 

1.0007 

0.675 

1.225 

1.094 

1.143 

In  terms  of  the  trace  organic  vapor  and  particle  phase  constituents,  the  model  correctly 
predicts  that  the  concentrations  of  these  species  will  be  low.  In  fact,  the  observed  levels 
of  such  species  as  benzene  and  benzo(a)pyrene  were  much  less  than  lOOppbv,  or  1  figtrv?, 
respectively.  However,  the  number  of  toxic  species  which  the  model  considers  is  limited, 
and  it  is  certainly  conceivable  that  a  compound  not  considered  by  the  model  could  be 
present  at  sufficiently  high  levels  to  warrant  some  health  risk  consideration. 


LIMITATIONS  AND  MODIFICATIONS 

In  addition  to  not  considering  all  of  the  toxic  species  likely  to  be  produced  by  the  ignition 
of  a  predominantly  organic  matrix,  the  model  does  have  several  limitations.  First,  it  is  dn 
equilibrium  based  system,  and  dues  not  take  into  account  those  synthesis  pathways  which 
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may  be  governed  predominantly  by  kinetic  processes.  Secondly,  it  assumes  ideal  gas 
behavior  on  the  part  of  all  of  the  gases  produced.  This  assumption  is  not  likely  to  be 
accurate  over  the  entire  range  of  conditions  existing  imside  the  rocket  motor.  However, 
ti-om  a  practical  standpoint,  this  may  not  be  a  severe  limitation.  For  example,  the 
magnitude  of  non-ideal  gas  effects  depends  primarily  on  the  density  and  the  temperature 
in  the  system.  For  the  system  in  question,  the  largest  densities  occur  in  the  chamber. 
Interestingly,  the  most  dense  gas  (H),  has  a  density  of  only  0.037  g/mL,  which  is  not 
sufficiently  large  to  induce  substantial  deviations  from  the  ideal  gas  la\^’.  To  illustrate  this 
point,  Freedman^ ‘  has  used  the  "Blake"  code  to  compute  chamber  concentrations  (at 
340.23  atmospheres  pressure  and  a  temperature  of  3167*  K)  assuming  both  ideal  and  real 
gas  equations  of  state.  This  was  performed  for  Composition  H,  whose  exhaust  products 
were  capable  of  reaching  some  of  the  higher  temperatures  in  the  study.  The  r^sults  are 
listed  in  Table  23.  It  is  clear  that  the  differences  between  the  real  and  the  ideal  gaseous 
equations  of  state  are  very  small.  And  although  there  are  differences  between  the  NASA* 
Lewis  results  and  those  from  the  "Blake"  code,  the  differences  are  negligible  from  a 
practical  standpoint  and  are  due  to  differences  in  the  tltermodynamlc  data  bases 
themselves. 

Finally,  and  probably  most  importantly,  the  model  assumes  that  all  of  the  chemical 
processes  are  frozen  at  the  point  at  which  the  exltaust  gases  exit  the  motor,  There  is  a 
considerable  body  of  evidence  to  suggest  that  this  is  not  the  case.  For  example,  the  model 
predicts  that  no  significant  production  of  NO  will  occur  for  any  of  the  formulations  tested. 
However,  NO  was  in  fact  observed.  We  believe  that  its  presence  is  due  to  the  effect  of 
the  heated  exhaust  gases  on  the  ambient  air  in  the  chamber,  That  is,  the  heat  from  the 
motor  firing  causes  the  formation  of  nitrogen  monoxide.  The  production  of  NO  is 
probably  proportional  to  the  duration  of  the  flame  contact  with  the  air.  For  example, 
during  tun  No.  5  for  Composition  D,  the  shock  wave  tlVom  the  firing  of  the  motor  caused 
some  damage  to  the  chamber.  A  different  nozzle  was  installed  on  tlie  test  motor  used  for 
burn  #6.  This  lengthened  the  burn  time,  and  reduced  the  pressure  of  the  burn.  Such 
resulted  In  some  substantial  differences  between  burns  ifS  and  ^6  for  the  Composition  D 
motors.  The  change  in  the  NO  concentration  is  considerable.  Probably,  the  increase  in 
time  that  the  flame  is  in  contact  with  the  air  causes  much  more  NO  to  be  produced.  Note 
also  the  change  in  the  CO  concentration  from  Run  No.  5  to  Run  No.  6. 

Following  consultations  with  Dr.  Eli  Freedman,  we  decided  to  test  the  hypothesis  that 
including  a  step  in  the  computer  calculations  which  would  determine  the  influence  of 
mixing  the  predicted  exhaust  gases  with  ambient  air  would  lead  to  a  more  accurate 
prediction  of  the  observed  gas  concentrations  in  the  cliamber.  The  model  was  revised  to 
mix  the  exhaust  gases  with  the  ambient  air  at  tlxed  ratios  and  at  varying  pressures  and 
temperatures.  As  an  example,  the  exit  composition  from  propellant  D  (a  formula  which 
had  initially  yielded  a  relatively  inaccurate  prediction  of  the  observed  CO/CO;  ratio)  was 
selected  os  a  "fuel"  which  could  bo  mixed  with  air.  Initial  exit  pre.ssure  and  temperature 
were  set  at  39.5  atmospheres  and  1837  *K,  respectively.  The  "fuel"  was  mixed  with 
ambient  air  in  the  ratios  given  in  Table  24  to  yield  equilibrium  compositions  at  two 
arbitrarily  selected  lower  pressures.  As  indicated  in  Table  24,  there  was  a  substantial 
decrease  in  the  CO/CO2  ratio.  The  resulting  ratio  is  much  closer  to  that  which  was 
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observed  experimentally  than  the  ratio  predicted  by  the  unmodified  model,  suggesting  that 
there  is  considerable  mixture  with  ambient  air  and  conversion  of  carbon  monoxide  to 
carbon  dioxide  between  the  vicinity  of  the  motor  exit  and  the  analysis  train.  That  the 
model  does  not  consider  the  influence  of  mixing  with  ambient 
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TABLE  23 


Effect  of  Choice  of  Gaseous  Equation  of  State  on  Computed  Mole  Fractions  for 

Composition  H* 


BLAKE  NASA-Lewls 


IDEAL 


0,29422 


0,27100 


0,21722 


0,13459 


4,8588  X  10'* 


BLAKE 

IDEAL 

REAL 

0.2928486 

0.2932262 

0.2679565 

0.2685877 

0.2183805 

0.2180917 

0.1346118 

0,1346414 

4,927155  X  10'* 

4.886758  x  10  * 

8.636553  X  10‘* 

8.599959  X  10  * 

7.785912  X  10-® 

7,757804  X  10-* 

7.232547  X  10'* 

7.278343  X  10  * 

1.281355  X  10'* 

1.270143  X  1 0'® 

5.7927^5  X  10-^ 

5,639095  X  10-" 

8.57131  X  10-“ 

8.776596  X  10-® 

2.823712x  10-® 

2,871074  X  10-® 

2.529327  x 

2.631338  X  10-® 

2.863636  X  lO’’' 

2.811794x10-^ 

2.51 2875  X  10-^° 

2.628192x  10-’° 

1,164592x  10-® 

1.15023x  10® 

1.79761  X  10“* 

1.84623  x  10-° 

6,396093  X  10® 

6,222507  X  10-° 

6,224935  x  lO'® 

5.182151  X  10® 

3.155921  X  10® 

3.057469  X  10-® 

2,448266  X  lO"* 

2.370879  X  10-" 

1.259862x  10-® 

1.24317  X  10"* 

2.055275x  10-® 

2,080149  X  10  ® 

3.638269x  10^ 

3.574871  X  10-" 

air  on  the  products  of  propellant  firing  has  been  observed  by  other  investigators®^. 
Snelson,  et  al.  reported  that  double  base  propellants  fired  in  Argon  atmospheres  produced 
mole  fractions  of  CO  which  were  much  closer  tO'  those  predicted  by  thermodynamic 
modeling  than  when  the  same  propellants  were  fired  in  ambient  air. 


Table  24 

Influence  of  Exhaust  Gas  Mixing  with  Air 
on  Carbon  Monoxide/Carbon  Dioxide  Ratios 

Composition  D 


Fuel/Alr  =5*  | 

Pressure,  atm 

39.5 

5.0 

1.0 

Temperature,  “K 

1837 

1300 

1000 

iSSSHHH 

1.44 

1.08 

0.74 

Futfi/Alr  1=  3*  1 

Pressure,  ctm 

39.5 

5.0 

1.0 

Temperature,  *K 

1837 

1300 

1000 

CO/CO, 

•( 

1.16 

0.88 

0.61 

Fuel/Air  «  1* 

Pressure,  atm 

39.5 

5.0 

1.0 

1837 

1300 

1000 

CO/CO2 

0.31 

0,25 

0,17 

*  Considers  exhaust  gases  from  motor  nozzle  as  "fuel." 
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RECOMMENDATIONS  FOR  FURTHER  WORK 


It  would  be  interesting  to  compare  these  results  with  otlier  computer  models.  Software 
is  available  with  similar,  but  not  identical  methods  of  computation  and  data  fltting^^. 

It  may  be  possible  to  extend  the  NASA  Lewis  model  to  account  for  nonideal  gas  equations 
of  state  for  some  of  the  mt^or  components,  without  Involving  m^or  modifications  to  the 
program.  However,  any  revision  is  not  to  be  undertaken  lightly;  the  program  is  some  5000 
lines  of  Fortran  end  represents  a  very  large  investment  of  time  and  effort.  The 
development  of  a  new  model  would  require  a  similar  Investment. 

A  thorough  review  of  the  thermal  and  transport  property  data  base  may  seem  to  be 
desirable,  in  order  to  incorporate  any  new  information  available  since  the  1986  revision, 
and  to  have  some  additional  assurance  that  the  data  have  been  entered  correctly. 
However,  there  have  only  been  8  changes  to  the  data  base,  and  none  have  practlc^ 
significance  for  this  study^*^.  And  since  transport  properties  are  not  a  significant  factor  in 
this  work,  any  changes  .should  not  have  an  effect  on  the  conclusions. 

It  would  be  useAil  to  model  the  chemical  kinetics  of  these  processes,  using  the  software 
described  in  Reference  34.  It  should  be  noted,  however,  that  a  considerable  amount  of 
effort  would  be  required  to  elucidate  the  reactions  occurring  in  these  events  and  to  make 
estimates  of  the  necessary  rate  constants.  The  Arrhenius  constants  and  the  activation 
energies  for  the  hundreds  of  conversions  processes  are  not  available.  In  contrast,  modeling 
the  flow  processes  may  be  useftil,  since  it  could  lead  to  a  better  understanding  of  the 
amount  of  air  entrained  with  the  exhaust  during  combustion. 

It  might  be  useftil  to  do  some  experimental  firings  of  the  motors  into  inert  atmospheres, 
such  as  argon,  in  order  to  test  the  air  mixing  hypothesis.  However,  such  in  and  of  itself 
would  not  aid  in  the  refinement  of  the  model. 

Finally,  alternatives  to  the  "air  entrainment"  explanation  as  the  source  of  disagreement 
between  experiment  and  computation  should  be  explored.  For  example,  calculations 
described  in  this  report  were  carried  out  for  two  possible  cases;  eitlier  the  chemical 
reactions  in  the  expanding  flow  from  the  combustion  chamber  maintain  complete 
equilibrium  from  throat  to  the  nozzle  exit,  or  else  the  flow  is  completely  frozen  once  it 
leaves  the  nozzle  throat.  But  the  intermediate  case  is  also  possible.  That  is,  the  flow  may 
fieeze  somewhere  between  the  throat  and  the  exit.  This  could  provide  a  possible 
explanation  for  the  discrepancy  between  experiment  and  computation  without  requiring 
the  assumption  of  entrained  air.  To  Implement  such  an  approach,  an  adiabatic  expansion 
calculation  should  be  run.  Initial  estimates  provided  to  the  authors  of  this  report  suggest 
that  this  approach  is  feasible^\  However,  to  take  full  advantage  of  such  an  approach, 
careftil  experimental  determination  of  hydrogen  and  methane  would  have  to  be  performed. 
Because  of  the  complexities  of  such  real  time  analyses,  these  measurements  could  not  be 
performed. 
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Appendix  A 

Selected  Rocket  Propellant  Formulations 


56 


Table  A-1 
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Table  A-2 


COMPOSITION  'H*  FORMULATION 


Abbreviation 

Constituent 

Formula 

Wt% 

AH,*  (kcal/mole) 

KCIO* 

Potassium  perchlorate 

7.8-8,05 

•103,43 

NC 

Nitrocellulose 

54.60 

169.17 

NQ 

Nitroglycerine 

35.50 

-88.6 

EC 

Ethyl  Centrallte 

0.9  -  0.8 

•26.1 

C 

Carbon  Black 

c 

1.20 

Ref. 

The  entry  'Ref,*  In  the  heat  of  formulation  column  means  that  this  Is  a  reference  element  In  the 
NASA'Lewls  program. 
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Table  A-3 


COMPOSmON  V  FORMULAnON 


Abbreviation 

Constituent 

Formula 

wt,  % 

AH,*  (kcal/molo) 

AP 

Ammonium  Perchlorate 

I9BHHIIII 

73,93 

■70,68 

PVC 

Polyvinyl  Chloride 

(C,  H,  Cl) 

11.67 

8,41 

DEHA 

Dl  (2<ethyl  hexyl)  adipate 

11,67 

•308,0 

CUCR 

Copper  chromite 

0,97 

Ref, 

A1 

Aluminum  Powder 

Al 

0,99 

Rof, 

C 

Carbon  Black 

C 

0,05 

Ref, 

BACO 

Stabilizer 

(Barlum/Cadmium) 

Ba-Cd 

0,47 

Ref, 

BOSS 

Sodium  dioctyl  aulfo 
succinate 

Ca  Ha,  0,  SNa 

0.083 

« 

3M0 

Glycerol  monooleats 

0.083 

fr 

PTD 

Pentaerythrltal  dioleate 

ESSHSflPH 

0,084 

i 

*  Hsot  of  formation  unavailable 
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Table  A-4 

PROPELLANT  'Q*  FORMULATION 


Concthuant 


NQ 

NItroglyoarIna 

BTTN 

Butana  triol  trlnhrata 

HMX 

Cyolotatramalhylana 

tatranitramlna 

PGA 

Polyglyool  adipata 

N>100 

Trl-funotlonal  liooynata 

MNA 

N<mathyl-p-nltroanlllna 

LNDPA 

Lnitrodiphanylamlna 

POP 

Polyoaprolautona  polyol 

NO 

NHrooalluloaa 

Load  CItrata 

ZrC 

ZIroonlum  Carbide 

0 

Carbon  Black 

TPB 

Triphanyl  blamuth 

C*H,N,0, 


Walght  % 

AH*, 

(Ksal/mola) 

11.36 

•66.60 

11.36 

•93.07 

0.40 

15.4 

0.34 

•655.1 

0.34 

169.17 

1.60 

* 

1.00 

•46.5 

0.40 

Ret. 

Pb.(C.H,0,),*3H,0 


ZrC 


C 


_ BKCaHj), 


Tht  entry  In  tha  haat  of  formulation  column  mitnt  that  thia  It  a  rafartnea  alamani  In  tho  NASA-Uawli  program 
*  Haati  of  formation  unavailable 
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Appendix  B 

Trace  Organic  Vapor  Phase  Constituents  Observed 
In  Seiectod  Rocket  Exhaust  Atmospheres 
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TafateB-1  PigaS) 


66 
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Missing  values  denote  compound  at  leveb  below  method  detection  liniits 


Table  B-3 

Trace  Orgaiiic  Vapor  Phase  Constituents 
in  ASCF  Chamber 

Composition  Q 


FCrTME,  8YSIEM  BUNK-  THTM  IVTAA-  IVTAB-  TUTAB-  TBrAA-  ntTAOl 


i/gwi 


Mrboft  dloDldt 


WahlotoWfluwMdian* 


eatefflilhyl‘cyeia(iMtlloMin« 


iMMffltlhyl-oyelatHillaMfM 


h*Mm*ihyl-«yeletHili0MM 


haMmithyl-ayelelHilliMiM 


tiImflhylillkM  oampd 


oetamcdiyl-cyclotolrMlIoxvw 


hydiixvbon 


•iKykloo^ial 


hfMm*myl-«yelatrtilla«tn* 


d*um«thyl> 

eyelopinlufloan* 


ntphdiiltn* 


lfim(ihyl-«yelobuUnon« 


hKimtlhyl-ayolelrlilloKmn* 


ee<am«lhyl'«yelcl(liuNount 


phdttlala 


htutmtlhyl'Cyclolflilloun* 


phlh(I*l« 
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•  V)  ■  •  4  <•  4  < 


«««••••• 


U  S  W  3 

m  >4  o  w  t  I  Ilf' 

e  «  a  WWW 

Ul  «WiJU«at 

«so»»a 
ts  nw4tiiha 


V  •«»  S  S,  s  s  s 


!t  »•  4  W  O 

U  W  M  B  t  t 

n  *  •  Q  ■  w  « 

W  W  W  4  ^  W  4 

4  IWWBBKB 

I  W  h  *>  W  k  ■ 

««  wISUUBk 

lltBWWWfe>i«  I 


S  N  V  V  S 

»  B  • 


M  W  «  M  k 

M  I  •  4  W  B  • 

BBW  ak>4UW 
WBWB  i'BikI 

>4 

«  wU^WlhWk 
^NBWWKftaUB 


S  S  S  S  X  S  V 

H  •  H  ■  ■  ■ 


BBBVVBOB 

tfiBaBBaati 


QueaeaBB 

•eaaBaan 


aaoDBaae 

iraaDaaaaB 

^OBBOUBBB 

■  a«»naati«B 


4>  •  «  U  l/«  4  4 

•  WMBsa^UB 


^•■soa  awMBsakuB  I 
»4CW4Baoo(Mt4aMo  w 
nBBo*>yivt«M»4  4inMM»>og  aia 
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ItfTAOlVNC  BBS  ■«  BUfM-lCII-JTB  9l9/9i  CTCLBBSTbDI CBC  IBB  SA  I-BUTTBC 


Wll  W»-  V'-' 

t«WMWWlWU 

*-att4ww»>s4 

S«.4MN»UHI  H 

•  •uit^a^^  aaf«p>ai  wuoo 


»V's  *kV  •*.  N  ‘kS  VV 

«eHaanlAMv^Nt/ll/l«^o■*^N 
4>4Ha  3  3-433  .*«  m4 


■  an  u  u  ,4 

W«JUIKU3^3 

a9a<-<a<k.iw 

■  3«rfuGMua«  f4 

oau*^wai«».f<cia  n 
Miteatyi  iMaawaa 
M^uuSaiBBustaa 


■  •ftiftaa  Ni  a««Ma 
I  iMaawaaNnmwaaa 

■BBusflBBiiaauuk 


H.  SSSSS'sS.N  N  SSS'*'** 

aaBa«i4n«Br«*iav<MM^Maaaf«N 


aaa  anMaan 

»BM  ««»aaM  *M 

p^KanaaN  ail 
naa  MNM»«ia*i  u 
m{(^  «-<Ni^aaN#s 

■  a  BBtf^KBUM 
N  BN»\Haaa 


3  »s  “ 

a  it  a  «  hi  «■* 


^s-^ss 

w  w  ^  w 

u  I  y  w  i  M 

a  y  ■  K  a  a  I 


I  Siyy^M  a  Svi  a^aua 

I  ayaKaaau  a  mb  u«-Nwn 

la  I  ■  1  iwi  1  BtnuftBNNMBaaa 
lUh>atBMawtftil(Biauwuaa 

iaaaaSa2£SSSS*SSSa^af? 

<NSSSSH«>»SS,>S  SSSN*1,N 

iNaMaaaMNN»>yvtyaaaaMny 
yyy  yyy  yaaB  n  •« 


lay  ■  9 

lyStfS  •  -a 

Nyyyya 

•  yagywBa 

aft*>a4Bu  a  s  *  »  ^ 

aygyuay  ay«  lyaN 

aanuiya  bn  nub  Kya->a 
a  lyh  lu  iBua  HMmaayBaa 

uaBUMaBUBSBigBa4yu4C 


sSN  SNSNSVS,  ^^>3' 

iMaaaNaaayayyMaaaa'k* 

^aByM.4  B»B  a 


MU  y  a 

a  a  y  i  a 

a  y  B  a  ^  a 

»>UByM  yy^  w 

SMaMiyuhBN 

MMiyaaMya  aayy 

tyayiiauyy  mm  m  aww*-* 
nuaaayyaaageaM  a  a*>aau 

M  s :  s  £  s  g  9  a  !  9  K  B  a  s  9  i!  B ; 


N  a  K  a 

MB  a  • 

a  a  a  a 


•  M  a  a  •  I 

a  •  a  a  a  I 

•  y  a  a  •  « 

>  >  n  a  a  N 

MM  a  a  N 

a  a 

t  •  •  a  a  ■  I 


4  e  a  4  a  4  « 
»  a  a  9  u  < 

i  W  ^  4  I 


:  M  M  D  M  S.  I 

•  o  u 

I  a  4 
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«  M 

n  H 

«  4 


•4  n 

m  9 

9  « 

■  h  K 

ST  T 


«  •> 


M  4  m  4  4 

S  «  «  ■44 

U  I  I  U  I  I 
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THCCaCTiLAL  ««C^CT  «ss«f»l«c  caaiLStaisii  csn^ssiTisa  oaai«: 


r;aeoaeua 

-jctoflovvoa 
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SwkSSSSS** 
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t>  h'  «  M  r. 

•  r  H  <  > 

N  «  -  «  H 

p4  N  N 
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•  I  •  n  N  • 
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•  S  «4  4 
•4  I  i  I 


•  0  0  •  . 
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»4  4  >  4  M 


>40  •  I  0  N  4  • 
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0  0  4  0  M  >  •  >0 
H  •  >000400 

■  I  0  4 


I  I  I  t  I  I  4  I  I  1  I  t  t  I  (  I  I 

M  4k  40041  K4N000  0 

400040000000000N4 
0000N44<40W440  0  0N0 
00N00000000#NN«4>4 
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0  0  0  4  0  0 


i»  a  N  •  >0040 
0  0  0  4  4  <  •  •  *s 
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y  <000044  • 

•10  0 


0  0  0  •  I  4  0  0  0 
M  0  0  4  4  ■  '  -  0 
M4  -000040 
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•  I  I  0 
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k00404004044l 
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00k^04N0000004Ki0a0 
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00  -400040 
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440404  409000  4 

40VN0440000400400 
0040044400  K  N00U4'^ 
N9«0044N000«O0404H 
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y  0  -04  •  •  •  ^> 
4  0  K  0  0  4  0 


HWUU0W  *40 

•s  S.  s,  V  S.  ^  ^ 

IUU0000  i^OO 

vw  4444  O'V-X 

440  -UUUU  C»» 


—  0  « 

0  4  tJ  •.  W. 

0  -  -  •  0 

■  4  0  V  «A  •  t 


440*1:400 
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'.0  «  4 

0  0  k..  #  l^k 
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■  e  li  u  >-<  0 

u  -.i  a  1-4  Ik  X  to 

taisntata 
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